Abstract-A fully automatic phenology-based synthesis (PBS) classification algorithm was developed to map land cover based on medium spatial resolution satellite data using the Google Earth Engine cloud computing platform. Vegetation seasonality, particularly in the tropical dry regions, can lead conventional algorithms based on a single date image classification to "misclassify" land cover types, as the selected date might reflect only a particular stage of the natural phenological cycle. The PBS classifier operates with occurrence rules applied to a selection of single date image classifications of the study area to assign the most appropriate land cover class. Since the launch of Landsat 8 in 2013, it has been possible to acquire imagery at any point on the Earth every 16 days with exceptional radiometric quality. The relatively high global acquisition frequency and the open data policy allow near-realtime land cover mapping and monitoring with automated tools such as the PBS classifier. We mapped four protected areas and their 20-km buffer zones from different ecoregions in Sub-Saharan Africa using the PBS classifier to present its first results. Accuracy assessment was carried out through a visual interpretation of very high resolution images using a Web geographic information system interface. The combined overall accuracy was over 90%, which demonstrates the potential of the classifier and the power of cloud computing in geospatial sciences.
I. INTRODUCTION

S
INGLE date classification (SDC) accuracy is often related to the acquisition date of the available imagery, but this involves the uncertainty of climate conditions and their effects on vegetation seasonality. Thus, high revisit frequency such as NASA's Moderate Resolution Imaging Spectroradiometer payload can help to generate time series to monitor abrupt land cover changes and dynamics [1] . However, its coarse ground spatial resolution (250 m) limits the applicability to discriminate different land covers [2] , particularly in fragmented landscapes. As a result, smaller vegetation patches, illegal logging, and small-scale agricultural expansion may remain undetected [3] .
Landsat imagery [Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+)] have also been used for time-series generation, focusing mainly on forest cover trends [2] , [4] and, more recently, on Landsat 8 Operational Land Imager (OLI) for water quality changes [5] . As the Long-Term Acquisition Plan (LTAP) has improved the number of exploitable acquisitions available, imagery from the latest OLI sensor can be collected and analyzed as time series for land cover/change mapping. This is an important step toward regional and global automated medium spatial resolution mapping and monitoring. Vegetation seasonality affects both intra-and interannual scenes but is mainly evident in the growing (leaves on) and senescence (leaves off) periods. These processes alter the spectral values of the recorded imagery, particularly for herbaceous and deciduous vegetation [6] . Thus, land cover mapping or change studies based on single date imageries are affected and highly sensitive to the seasonality problem. However, when multiple observations are available within a season cycle, Landsat data can play a significant role, as its spatial resolution allows for the detection of smaller scale patches, changes, and fragmentation, which are prevalent in Africa and Asia [7] . However, to estimate the appropriate timescale to collect and analyze such imagery, the vegetation pattern and dynamics of a particular area have to be either well known or derived from historical Earth observation data.
Maps generated using phenological information (as the proposed phenology-based synthesis (PBS) classifier) are better at avoiding frequent misclassification of deciduous tree cover or herbaceous vegetation as "bare soil" during dry season and could help in monitoring various ecosystem processes such as habitat fragmentation, ecotonal habitats, carbon sequestration, succession, or patterns of biodiversity [6] .
This letter demonstrates the PBS algorithm and its applicability in wall-to-wall land cover mapping using a geospatial cloud computing service (Google Earth Engine (GEE)-https://earthengine.google.org). The proposed methodology has been tested in different ecoregions in Sub-Saharan Africa using Landsat 8 data.
II. DATA AND METHODOLOGY
A. Landsat Data Set
The high temporal frequency (∼16 days), combined with the improved LTAP acquisition plan [8] and the distribution policy of the Landsat data, makes the data ideal for land cover mapping and change monitoring applications. GEE was utilized to process Landsat 8 data over several countries, with particular emphasis on Sub-Saharan Africa's semi-dry regions, as illustrated in Fig. 1 . Although any area and size of interest could be easily mapped, assessing the map accuracy is still a demanding task due to the lack of up-to-date and globally distributed reference ground control points. Given such a limitation, we have selected four protected areas (PAs) and 20-km buffer zones to test and evaluate the performance of the PBS algorithm. As the selected PAs were located in different 1545-598X © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. ecoregions (see Fig. 1 ), their seasonal and vegetation patterns differed considerably (see Fig. 2 ). The peak and the end of the growing seasons are automatically extracted from the available Landsat 8 imagery (from 2013 onward) based on the averaged Normalized Difference Vegetation Index's (NDVI) profiles of the study areas to identify the most feasible set of imagery for the actual PBS algorithm. This fully automatic and selfadapting image selection procedure is a very important step in dry and semi-dry regions where the length of the growing season can fluctuate depending on the present weather patterns. The four PAs were selected (see Table I ) on the basis of location, very high spatial resolution satellite, ground data availability, and the need for up-to-date land cover mapping through the BIOPAMA project (http://biopama.jrc.ec.europa. eu/). Additionally, 1) the large land area of Park W du Niger will test the robustness of the algorithm using four adjacent scenes; and 2) Dzanga-Ndoki, characterized by persistent cloud coverage (only three cloud-free images over nine months), will force PBS to work with few cloud-free observations testing, at the same time, the effectiveness of the built-in cloud detection algorithm. 
B. Image Preprocessing
Selected Landsat 8 images were preprocessed within the GEE environment converting digital number (DN) values to top-of-atmosphere (TOA) reflectance, a physical unit that allows putting data from different sensors/platforms onto a common radiometric scale minimizing spectral differences caused by acquisition time, Sun elevation, and Sun-Earth distance. Bands 1 and 9, thermals, and panchromatic were not processed. The TOA correction formula was as follows:
where Reprojection to common reference system, scene mosaicking, and band stacking are automatically performed by GEE.
C. SDC
The proposed pixel-based SDC algorithm (see Table II ), driven by predefined knowledge-based "fuzzy" rules built upon spectral signature collected at global scale, processes the input multispectral image into a discrete thematic layer of 13 classes Table III ). Relying on TOA reflectance (float [0-1]), these rules, originally developed to classify SPOT4/5, AVNIR-2, DMC, and Landsat TM/ETM+ imagery, are fully capable to process Landsat OLI data sets.
Similar SDC algorithm robustness and scalability among the aforementioned sensor have been confirmed by [10] and [11] ; however, estimating the individual SDC's accuracy values at larger scale would be extremely time consuming and probably not a meaningful exercise since the algorithm delivers broad thematic categories derived from spectral properties observed during a precise time in the vegetation cycle. Fig. 3 shows SDC's thematic maps for Mahale Mountains; each of them gradually differs from the preceding as the vegetation condition is changing over time, accordingly to the weather patterns/ Table III for legend and color.   TABLE IV  FREQUENCY RULES TABLE WITH THE PERCENTAGE OF OBSERVATIONS PER CLASS AS MODIFIED FROM [9] seasons. While mapping deciduous vegetation, any SDCs might represent the "optimal" observation since the peak of the vegetation cycle is offering information about the greenness and density (shrub or tree cover), and the leafless ones are confirming the presence of deciduous vegetation.
D. PBS
The PBS algorithm combines SDCs into a reliable land cover map based on predefined frequency rules determined on the basis of 1) basic assumptions for "stable" classes such as permanent water/ice or evergreen vegetation and 2) empirical thresholds based on observations collected at the global scale. These rules have been coded (see Table IV ) in the algorithm, avoiding any user interaction/training collection while executing the PBS.
Thematic map products (SDC) reduce the data dimensionality and thus help to develop a simple and robust classification model that can perform relatively fast. The "frequency rule" analyzes the thematic class of each pixel in the same geolocation from all available SDC maps looking for a defined pattern during the observed period (see Table IV ). Observations such as "No data" (ND) and "Clouds/Shadow" (CL/SH), as detected by the SDC, are excluded from the analysis, except when no other valid observations are available; in this latter case, PBS output will inherit the "ND" or "CL/SH" label accordingly.
Here are two examples of the frequency rule definition as derived from Table IV. I) Evergreen Closed Forest is characterized by two variables: 1) each SDC has to be in the range [SV, TCD, and TCL]; and 2) at least 80% of the time is TCD. II) Closed Deciduous Forest's peak of the growing season is represented by the dark forest class (TCD) followed by the brighter (TCL and SHR) classes before the leaf-off period (OLL) and dark other land (OLD) classes. Additional classes such as seasonal flooded vegetation and snow (not incurred in the study areas) have been omitted from Table IV, although implemented in the PBS considering the dominant land cover class together with at least 15% of either water or snow. The classification schema follows the top-down class order and stops as soon as a condition has been satisfied, avoiding that a pixel fits in two or more classes.
Ideally, PBS requires one image every 16 days (Landsat 8 frequency) from the peak of the growing season until leaf senescence. During particular conditions (short growing season and frequent cloud coverage), some PBS land cover pixels might be based on a single observation; however, this is unlikely as such conditions are quite in contradiction: regions with a short flowering season are generally characterized by low precipitations and, therefore, low cloud coverage. On the other hand, evergreen humid areas might have few observations because of clouds; however, such land cover is not much affected by seasonal variability, and thus, even few observations would deliver correct results. To overcome this issue, a cloud coverage frequency map comes along the PBS as a per-pixel quality control flag. The SDC algorithm might misclassify land cover in individual thematic maps and, thus, lower accuracy values; however, it delivers only 13 broad thematic classes, keeping the inaccuracy values at a minimal level, and the PBS model is robust enough to overpass such misclassifications as demonstrated by the observed final accuracy. Additionally, reducing error propagation [10] introduced by a twostage model merging the SDC and PBS into a single-stage rule-based algorithm might not be the optimal solution since 1) the need of accurate cloud and shadows masks is crucial and requires SDC; 2) the implementation of the PBS model using 13 thematic layers (variables) is easier to tune and control rather than adopting a model working with series of TOA reflectance and/or nondiscrete indices; and 3) PBS rules are simple and easy to adapt to other specific needs.
E. Land Cover/Use Legend
The land cover legend (see Table V ) includes some representative land use classes to allow the correct labeling of the validation data set and to further develop land use discrimination functions within the PBS.
F. Accuracy Assessment
The validation data collection for the evaluation of the PBS algorithm's accuracy has been done using an in-house Web geographic information system interface based on GeoExt and Google Earth API in order to simultaneously display the following: 1) up-to-date very high resolution (VHR) imagery from Google resources (Digital Globe, CNES/Spot and Astrium Image, Rapid-Eye); 2) the set of ground reference points (GRDS) to be interpreted following a regular grid (2 km × 2 km for Park W and 1 km × 1 km for the others); and 3) available Landsat 8 data. At each confluence point, a circle (60-m radius) was created, and the corresponding dominant land cover/land use class was visually assigned. Too heterogeneous samples (no absolute majority) or samples not covered by VHR images were excluded from the data sets. For ease of interpretation, the experts have the possibility to adjust bands and stretch combination of the Landsat 8 imagery, as well as select the best VHR image using the "Google Time Slider" API's feature. Producer's, user's, and overall accuracy values [12] were calculated based on the collected GRDS.
G. Results
The overall accuracy values for the individual parks (all over 80%), as well as the cumulative (93.37%) presented in Table VI , confirm the robustness of the proposed PBS model in discriminating a variety of land cover types using a limited number of observations and handling possible SDC inaccuracy values or disturbance factors such as clouds or shadows.
However, the cumulative confusion matrix for the four PAs (see Table VII ) reveals two main areas of misclassification among 1) Deciduous Tree Cover and Deciduous Shrub Cover, mainly derived by the uncertainty in estimating the height of the trees (> 5 m) or shrub (< 5 m) when using optical data, and 2) between Deciduous Closed and Open Tree Cover as observed in the less accurate Tsimanampetsotsa site, where those two classes account for 49.7% of the samples.
Land use classes (1.38% of the samples) not implemented in the PBS lower the general accuracy, with major emphasis on Park W du Niger, where they account for more than 3% of the collected samples, mainly distributed in the northern part as confirmed by the Globcover 2009 (http://due.esrin.esa.int/ globcover) map in Fig. 4 . 
III. CONCLUSION
A PBS has been developed for the Landsat 8 sensor and works in a fully automatic manner without additional input requirements such as supplementary imagery or training data. The PBS implementation in GEE offers a fast and efficient mapping tool applicable at either local or country level. However, assessing map accuracy is still a demanding task due to the lack of up-to-date and globally distributed reference ground control points. Given such a limitation, four study areas have been identified across different ecoregions in order to perform a robust accuracy assessment. The achieved overall accuracy values (> 90%) demonstrate the potential of the PBS in largescale land cover mapping based on freely available data.
Cross comparison with existing land cover maps (see Fig. 4 ) highlights the following: 1) the inaccuracy of 30-m products such as GLC30 (http://www.globallandcover.com/ GLC30Download/index.aspx) when looking at semi-dry areas as W du Niger or Tsimansmpetsotsa, where the vast majority of deciduous forest and shrub have been classified as grassland; and 2) the recognizable alignment of the general PBS land cover distribution pattern with Globcover 2009 (http://due.esrin.esa. int/globcover), although the 300 mt resolution and the years the latter product refers to do not make it suitable for local and upto-date mapping studies.
Land cover changes are definitely playing a disturbance role in time-series analysis, but we would like to remark that the proposed PBS model makes use of a limited number of observations mainly concentrated between the peak and the end of the growing season, limiting misclassifications to the generated seasonal map. Indeed, using PBS and GEE is possible to map large geographical areas quickly every year and with high accuracy values, particularly in dynamic environments. PBS rules for land use discrimination such as agriculture and builtup areas are subject of further developments.
The proposed algorithm will be able to handle the upcoming Sentinel 2 [13] data as confirmed by the pretesting of the SPOT4 (Take5) imagery and given its free distribution policy [14] .
Further development, example, and code (GEE Javascript/ Python and the stand-alone offline Python implementation) will be available at http://bioval.jrc.ec.europa.eu.
